Introduction
Renal failure is a serious health problem throughout the world. 1, 2 Acute kidney injury as a result of abrupt insults to the kidneys carries considerable morbidity and mortality. [3] [4] [5] [6] Furthermore, chronic renal failure secondary to other chronic diseases, such as type 2 diabetes mellitus, may gradually progress to end-stage renal failure requiring renal replacement therapy. The economic burden placed by renal diseases on the health care system has been escalating in recent years.
targeting of these compounds to the kidney parenchymal cells, and the dynamic exchange of fluid and solutes along the nephrons can lead to poor renal accumulation and limit the efficacy of these renoprotective compounds. Therefore, new biomaterials are needed to serve as a generic drug carrier to improve plasma solubility, delay renal elimination, improve the renal targeting selectivity, and preserve the efficacy of various classes of renoprotective compounds.
Many pathophysiological states are ones exhibiting oxidative stress, whereby the generation of reactive oxygen species causes free radical damage, which plays a crucial role in causing renal vascular and tubular cell damage, deterioration of renal function, and distortion of renal hemodynamics in both acute and chronic renal failure. 11, 12 These types of pathological alterations can make a carrier ineffective, even if it has renal targeting potential in a normal kidney.
Accumulation of anionized polymers in the kidneys of normal rats has been reported. 13, 14 A peak renal tissue localization of a radiolabeled anionized polyvinylpyrrolidone (PVP) derivative, 10 kDa carboxylated PVP, was observed at 3 h after an intravenous (iv) injection. 13 This selective renal tissue accumulation suggests that the carboxylated polymers exhibit renal targeting properties. Based on this, we hypothesize that carboxylated polypeptides could be used as a renal targeting carrier for therapeutic agents. Moreover, carboxylated polypeptides, such as poly-l-glutamic acid (PG), possess additional advantages such as excellent water solubility, biocompatibility, nonimmunogenicity, biodegradability, and a high drug loading capability due to their multiple carboxyl side groups. [15] [16] [17] [18] PG has been utilized as a tumor-targeting drug carrier for various hydrophobic cancer chemotherapeutic agents. [19] [20] [21] [22] [23] [24] [25] [26] A significant renal accumulation of PG was observed in several studies on the biodistribution of a PG-paclitaxel conjugate in mice. [27] [28] [29] Studies on other PG-chemotherapeutic conjugates have shown similar findings. [30] [31] [32] These favorable observations led us to assess the potential use of PG polymers as a renal targeting carrier.
The aim of this study is, therefore, to test the hypothesis that PG polymers selectively accumulate in the kidneys, and these compounds could be candidates for target delivery of renoprotective drugs. This study is divided into several parts. The renal targeting properties of two PG polymers, with molecular weights of one above and one below the renal filtration threshold, were assessed. The ability of these PG polymers in targeting the oxidative-stressed kidneys (streptozotocin [STZ]-induced diabetic rat model) was evaluated. An exploratory synthesis of a PG-renal protecting drug conjugate using 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF, a nicotinamide adenine dinucleotide phosphate [NADPH] oxidase inhibitor) as a model drug was performed. These experiments form the various portions of a preliminary proof of concept study on the use of PG polymers as a viable renal targeting carrier for the renal protecting drugs. Preparation of Pg-4-(2-aminoethyl) benzenesulfonyl fluoride
Materials and methods
The NADPH oxidase inhibitor AEBSF was conjugated to PG using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) as a water-soluble condensing agent. 35 Briefly, 20 mg PG (0.13 mmol, sodium salt), 3.2 mg AEBSF (0.013 mmol), and 4.2 mg DMTMM (0.02 mmol) were reacted at room temperature for 3 days in 2 mL distilled water (pH 8-9, stirring). The mixture was dialyzed against distilled water (5×5 L, 1 h per round of dialysis) in Snakeskin™ dialysis tube (molecular weight cutoff =10,000 Da) for 6 h. The dialyzed PG-AEBSF (sodium salt) solution was lyophilized to give 8.5 mg of white powdery product (yield =85.1%, AEBSF loading at 8.5% w/w). The details of the characterization of PG-AEBSF can be found in Supplementary material.
Preparation of Pg-aF
AF was conjugated to PG using a similar preparation method for PG-AEBSF. 35 Briefly, 20 mg PG (41 kDa) (0.13 mmol), 5.4 mg AF (0.013 mmol), and 4.2 mg DMTMM (0.02 mmol) were reacted at room temperature for 3 days in 2 mL distilled water (pH 8-9, stirring). The mixture was dialyzed against distilled water (5×5 L, 1 h per round of dialysis) in a Snakeskin™ dialysis tube (molecular weight cutoff =10,000 Da) for 6 h. The dialyzed PG-AF (sodium salt) solution was lyophilized to give 8.5 mg of white powdery product (yield =82.3%, AF loading at 7.2% w/w). The details of the characterization of PG-AF can be found in Supplementary material. PG-dCyd, PG-Tr, PG-AEBSF, and PG-AF were found to be water soluble at up to 100 mg/mL (maximum concentration tested) at pH 7.0. The results coincided with the previous finding on the high water solubility of PG-drug conjugates (with drug loading ,10%) at physiological pH. Malaysia, with a standard pellet diet. Drinking water was provided ad libitum throughout the study. All experiments involving the use of rats were conducted according to the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal use protocol was approved by the University of Malaya Institutional Animal Care and Use Committee (protocol approval number: FAR/04/08/2008/NAA(R)). All invasive procedures on rats were performed under anesthesia using an intraperitoneal (ip) injection of ketamine/xylazine cocktail (90 mg/kg and 10 mg/kg, respectively). The rats were subsequently euthanized with an ip injection of 100 mg/kg sodium pentobarbital. All efforts were made to minimize animal suffering. During housing and experiments, all animals were monitored twice daily for health status. No adverse events were observed throughout the experiment.
establishment of a diabetic rat model
Each SD rat was given a single ip injection dose of 60 mg/kg STZ to induce diabetes, which was verified using a commercially available glucometer (ACCU-CHEK ® Advantage II, Roche Diagnostics Corporation, Hague Road, IN, USA) 3 days and 14 days after the STZ administration. Rats with a blood sugar level .18 mM on day 14 post STZ administration, were selected for use. 37 On day 14, the cellular oxidative stress level and tissue alteration in kidneys of the diabetic rats (n=6) were examined using the ferric reducing ability of plasma assay 38 and kidneyto-body weight ratio determination 39 (details of the methods and the results are described in Supplementary material).
The biodistribution of Pg-3 h-dcyd Five STZ-induced diabetic rats and five normal rats were used for each predetermined time point of the experiment. PG-Tr (17 or 41 kDa; 10 µCi) or free 3 H-deoxycytidine, unbound radiolabels (Free-Tr) (10 µCi) in phosphate-buffered saline (PBS) (0.15 mL) was administered intravenously by tail vein injection. After the injection of a radiotracer, the rats were anesthetized at 0.25, 1, 2, 4, 6, 12, and 24 h using an ip injection of ketamine/xylazine cocktail (90 mg/kg and 10 mg/kg, respectively). A blood sample was then collected via cardiac puncture. The rats were then euthanized with an ip injection of 100 mg/kg pentobarbitone. The tissues of interest, which include the intestine, spleen, stomach, kidneys, liver, lungs, heart, and skeletal muscles, were harvested and weighed. The organs were homogenized in saline at a ratio of 1:4 (w/v). The blood samples were centrifuged at 2,000 ×g for 10 min, and the plasma was collected for analysis. Aliquots of tissue homogenate or plasma samples (40 µL) were added to MicroScint 40 scintillation fluid (3 mL) (PerkinElmer). The total radioactivity in the mixtures was counted using a PerkinElmer Tri-Carb XT-2300 liquid scintillation counter. The counting efficiency was assessed and corrected by the addition of 3 H-dCyd to equivalent tissue homogenates or plasma from untreated rats. The biodistribution data of PG-Tr or Free-Tr were expressed as a mean value of radioactivity obtained from five rats at specified time points in the unit of disintegration per minute per milliliter of plasma or gram of tissue for the selected organs. The values of the area under the radioactivity versus time curve (AUC) of PG-Trs or Free-Tr in plasma and selected organs of both normal and diabetic rats were further estimated using Phoenix WinNonlin version 6.2 (Certara, Princeton, NJ, USA) for the 24 h period.
Renal accumulation of fluorescein-labeled Pg/histological analysis of renal tissues
Twelve normal male SD rats were assigned into two groups, with six rats receiving an iv dose of 0.1 mL 41 kDa PG-AF (1 mg AF equivalent/mL) and the remaining six rats receiving free AF (1 mg/mL) in PBS via the tail vein. The rats were then monitored and euthanized at 2 and 6 h with an ip dose of 100 mg/kg pentobarbitone. The kidneys were extracted and drop-fixed immediately in 4% paraformaldehyde. The tissues were embedded in optimal cutting temperature and sectioned at 20 µm using a cryostat. These sections were later mounted using VECTASHIELD ® 4′,6-diamidino-2-phenylindole·2HCl mounting media (Vector Laboratories, Burlingame, CA, USA) for fluorescence imaging.
Images were acquired using an Olympus FV1000 spectral confocal with a 60× (oil immersion) UPlanSApo objective (numerical aperture 1.35) (Olympus, Shinjuku, Tokyo, Japan). Images were then captured with Olympus Fluoview™ software. These images were subsequently compiled using Adobe Photoshop 11.1 and Adobe Illustrator 14 (Adobe Systems Incorporated, San Jose, CA, USA). The digitized images were not manipulated except for cropping, sizing, and adjustment of contrast and brightness.
NaDPh oxidase inhibitory activity of Pg-aeBsF on isolated aortic vessels PG-AEBSF was subjected to an in vitro lucigenin-enhanced chemiluminescence assay to ascertain the AEBSF-induced inhibition of NADPH oxidase and NAPDH-mediated superoxide production. 37 Briefly, multiple aortic rings (from SD rats euthanized with an ip 100 mg/kg pentobarbitone, n=6) were preincubated with AEBSF or PG-AEBSF (0.005-0.01 mM) at 37°C in Krebs-HEPES buffer (composition in mM: NaCl 99.0, NaHCO 3 25, KCl 4.7, KH 2 PO 4 1.0, MgSO 4 ⋅7H 2 O 1.2, glucose 11.0, CaCl 2 ⋅2H 2 O 2.5, and Na-HEPES 20.0) in the presence of diethyldithiocarbamic acid (10 mM, to inactivate endogenous superoxide dismutase) and β-NADPH (0.1 mM) for 45 min. As a positive control, diphenyleneiodonium chloride (DPI, 5 µM, a nonselective NADPH inhibitor) was added to the aortic rings in place of the test compound. At the end of the incubation, the rings were transferred to a 96-well plate containing 300 µL Krebs-HEPES buffer with lucigenin (10 µM) and NADPH (0.1 mM). The plate was immediately loaded into a luminescence reader (Tecan Infinite 200 Pro; Tecan, Männedorf, Switzerland) for 20 min. The rings were then dried for 48 h at 65°C, and the total level of superoxide production was normalized to the dry weight of tissues in milligrams.
Uptake of fluorescein-labeled PG by human umbilical vein endothelial cells
Briefly, 2×10 4 human umbilical vein endothelial cells (HUVEC; ScienCell Research Laboratories, Carlsbad, CA, USA) were seeded into each well of a 96-well plate and allowed to attach, spread, and proliferate overnight. The medium was then removed and replaced with a new medium supplemented with various concentrations of PG-AF or free AF (1 mg/mL AF equivalent). The HUVEC were further cultured at 37°C in 5% CO 2 for 1 h to permit uptake. The medium was then removed and washed twice with PBS before fixing with 4% formaldehyde. Fixed cells were washed with PBS and stained with nucleic dye Hoechst 33342 for another 30 min. The cells were then observed for intracellular fluorescence at excitation/emission wavelength (Ex/ Em) =350/461 nm and Ex/Em =488/519 nm for Hoechst 33342 and AF, respectively. The plates were scanned using an ArrayScan high content screening system (Cellomics Inc., Pittsburgh, PA, USA), and the fluorescence intensity was determined with the Target Activation BioApplication software (Cellomics Inc.).
Data processing and statistical analysis
Tables and Figures were generated, and all statistical analyses were performed using Student's t-test or one-way/two-way analysis of variance (ANOVA) with Tukey/Bonferroni post hoc tests where indicated. The difference between the sample means was considered statistically significant at P,0.05.
Results

Plasma clearance of Pg
In Figure 1 Significant retention of plasma radioactivity (dpm/mL, y-axis) over time after dose for up to 24 h (x-axis) was observed in normal (A) rats administered 10 µci 41 Pg-Tr (), but not in rats administered 17 kDa Pg-Tr () or Free-Tr (X). Plasma retention of Pg was not observed in diabetic rats (B). each data point is expressed as mean ± seM (n=5). A comparison of the 41 kDa PG-Tr group with the other groups at each time interval revealed significant differences: ****P,0.0001; ***P,0.001; *P,0.05; two-way aNOVa with Bonferroni post hoc test. Abbreviations: dpm, disintegration per minute; Pg-Tr, radiolabeled poly-l-glutamic acid; Free-Tr, unbound radiolabels; seM, standard error of mean; aNOVa, analysis of variance.
was compared in normal rats ( Figure 1A ) and diabetic rats ( Figure 1B ) over 24 h. The plasma radioactivities of both the Free-Tr and 17 kDa PG-Tr-treated rats (normal and diabetic) were found to decline in a similar fashion (P.0.05 for all time points, using two-way ANOVA with Bonferroni post hoc tests). These compounds were cleared from the plasma within 2 h after they were given to the rats. By contrast, 41 kDa PG-Tr was retained in the plasma of the normal rats for at least 12 h post iv injection (P,0.0001 for the time interval from 0.25 h to 12 h, using two-way ANOVA 
Biodistribution of Pg
The biodistribution of Free-Tr, 17 kDa, and 41 kDa PG-Tr were measured at predetermined time points after an iv injection (Table 1) . While Free-Tr exhibited a swift decline in the rats without any specific tissue accumulation over the observed time frame, 17 kDa PG-Tr and 41 kDa PG-Tr exhibited a selective and prolonged localization in the kidneys to various degrees.
Specifically, the rats receiving 41 kDa PG-Tr showed a higher renal accumulation (mean values of 22-, 12-, and 15-fold higher than that of Free-Tr at 6, 12, and 24 h post injection, respectively; all P,0.0001) when compared with the 17 kDa PG-Tr group (mean values of 11-, 8-, and 7-fold higher than that of the Free-Tr group at 6, 12, and 24 h post injection, respectively; all P,0.0001) throughout the monitoring period. The difference between the extents of renal accumulation of 41 kDa PG-Tr and that of 17 kDa PG-Tr was statistically significant with P,0.001 for all time points. Approximately 17% of the administered dose of 41 kDa PG-Tr was accumulated in the kidneys at 1 h post injection and 7% at 12 h post injection, compared to 12% at 1 h and 1% at 12 h post injection for 17 kDa PG-Tr (Figure 2A) .
Similar selective renal retention profiles of 41 kDa PG-Tr (10-, 8-, and 9-fold higher than that of Free-Tr at 6, 12, and 24 h post injection, respectively; all P,0.0001) and renal retention profiles of 17 kDa PG-Tr (4-, 2-, and 4-fold higher than that of Free-Tr at 6 [P,0.0001], 12 [P.0.05], and 24 [P,0.001] h post injection, respectively) were observed in kidneys of the diabetic rats under oxidative stress (Table 2 and Figure 2B ). The apparent exposure of 17 kDa PG-Tr and 41 kDa PG-Tr that accumulated in the diabetic kidneys as reflected in the AUC, however, was generally lower than Note: each data point is expressed as mean ± seM (n=5). Abbreviations: dpm, disintegration per minute per ml; Pg, poly-l-glutamic acid; Pg-Tr, radiolabeled poly-l-glutamic acid; Free-Tr, free unbound radiolabels; seM, standard error of mean.
International Abbreviations: dpm, disintegration per minute per ml; Pg-Tr, radiolabeled poly-l-glutamic acid; Free-Tr, free unbound radiolabels; seM, standard error of mean; aNOVa, analysis of variance. Note: each data point is expressed as mean ± seM (n=5). Abbreviations: dpm, disintegration per minute per ml; Pg, poly-l-glutamic acid; Pg-Tr, radiolabeled poly-l-glutamic acid; Free-Tr, free unbound radiolabels; seM, standard error of mean. Figure 2B ). The AUC plots that represent the renal radioactivity changes over time post PG* or Free-Tr administration to the normal or diabetic rats were constructed. The AUC value of the Free-Tr plot was low in both normal and diabetic rats. By contrast, the AUC values of both 17 kDa PG-Tr and 41 kDa PG-Tr were high in both normal and diabetic rats. This indicates a much higher renal exposure of PG-Tr, with 41 kDa PG-Tr being the highest in normal rats, followed by diabetic rats (Figure 2) . Generally, the AUCs of 17 kDa PG-Tr in both normal rats and diabetic rats are approximately one-half of those of 41 kDa PG-Tr, suggesting a possible selective renal retention property of 41 kDa PG-Tr ( Figure 3 Inhibition of NaDPh oxidase by Pg-aeBsF in isolated rat aortic vessels and the uptake of Pg-aF by hUVec
The activity of the PG-conjugated drug AEBSF (an NADPH oxidase inhibitor) was evaluated in vitro using rat isolated aortic vessels and a lucigenin-enhanced chemiluminescence assay. Both AEBSF and PG-AEBSF were found to reduce NADPH-mediated superoxide production. This dosedependent inhibition by NADPH oxidase in the aortic endothelium (P,0.001 at AEBSF concentration $0.05 mM when compared to the control) is indicated by a reduction in chemiluminescence detected in in vitro NADPH oxidase inhibition studies ( Figure 5 ). PG-AEBSF shows a similar NADPH oxidase inhibitory activity to that of AEBSF at all concentrations tested, indicating the activity preservation of bound AEBSF. The NADPH oxidase inhibitor DPI (5 µM) significantly reduced superoxide anion generation.
PG-AEBSF has a comparable NADPH oxidase inhibitory activity to free AEBSF at all concentrations tested. This result indicates the preservation of NADPH oxidase Pg-aeBsF produced a dose-dependent inhibition of NaDPh oxidasemediated vascular superoxide production (represented by lucigenin-enhanced chemiluminescence). DPI, a nonselective NaDPh inhibitor, 5 µM. **P,0.01; *P,0.05. Abbreviations: Pg-aeBsF, poly-l-glutamic acid-4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride; NADPH, nicotinamide adenine dinucleotide phosphate; DPI, diphenyleneiodonium chloride.
inhibitory properties of AEBSF after conjugation with a PG carrier. Subsequent observation of an in vitro PG-AF uptake by the HUVEC (Figure 6 ) shows that following a 1 h incubation, only PG-AF, but not free AF, accumulates in the cells in a dose-dependent manner. This finding has further suggested that PG-AEBSF is taken up by the endothelium before AEBSF is released from PG to exert inhibition on the intracellular NADPH oxidase.
Discussion
This study aims to evaluate if PG polymers accumulate effectively in the kidneys, and whether these polymers could be used to ferry renal protective anti-oxidative stress compounds (in the current study, an NADPH oxidase inhibitor) without distorting their pharmacological properties. Several novel findings are forthcoming. In this 24 h period animal study, the 41 kDa PG polymer with a size above the renal filtration threshold accumulated within the kidneys to a greater extent than the smaller 17 kDa polymer, whose size was below the renal filtration threshold. Importantly, there was little accumulation of either polymer in any other tissues studied. In the STZ-induced diabetic rat model, where renal oxidative stress, hyperplasia, and hyperfiltration were present, a preferential renal accumulation of 41 kDa PG polymer was observed. The renal accumulation of 41 kDa PG polymer, however, was slightly lower than that in the normal rats. Moreover, the conjugation of 41 kDa PG polymer to an NADPH oxidase inhibitor, AEBSF, did not affect the ability of AEBSF to suppress NADPH oxidase-based superoxide anion generation in the aortic endothelial cells. Together, these observations strongly support the PG polymer as a potentially effective carrier to selectively deliver drugs into the kidneys either in a normal or a diseased state.
There is a possibility that hydrolytic or enzymatic degradation of PGs in the blood 40 may potentially detach the radiotracers from the polymer backbone and distort the radiotracing results. To evaluate the stability of PG-Tr in plasma, PG-dCyd (a PG conjugated with nonradioactive dCyd) was prepared and the plasma degradation of PG-dCyd was tracked over time. A detachment of dCyd from PG-dCyd was detected at 24 h after PG-dCyd was incubated in the plasma (see Supplementary material) . Thus, the biodistribution of PG-Tr in normal and diabetic rats was not monitored beyond 24 h to avoid inaccuracy.
In normal rats, both 17 kDa PG-Tr and 41 kDa PG-Tr exhibited a significant renal accumulation during the first 8-12 h post dose, while no significant accumulation of Free-Tr was observed in any other organs. These results concur with the hypothesis of Kodaira et al 13 on the renal targeting potential of anionic carboxylated polymers. Of the two polymers, 41 kDa PG-Tr exhibited a better renal retention profile than 17 kDa PG-Tr, as shown by a higher and longer accumulation in the kidneys (Figure 2 ). The glomerular filtration threshold for solutes was at 30 kDa. [41] [42] [43] Therefore, glomerular filtration could be the main mechanism attributing to the relatively swift loss of 17 kDa PG-Tr from the kidneys and plasma. The renal retention of 17 kDa PG-Tr observed in this study may indicate an involvement of post-glomeruli process such as active reuptake of small-sized anionic carboxylated polymers by the proximal tubules. 13 Meanwhile, the favorable renal retention of 41 kDa PG-Tr suggests an extravasation of PG-Tr from the renal vasculature and the accumulation of PG-Tr in the renal parenchymal tissues. Our study on the renal accumulation pattern of fluorescence-labeled 41 kDa PG (PG-AF) shows an uptake and localization of PGs in the epithelial cells of the proximal tubules at 2 and 6 h after an iv administration to the normal rats.
The AUC plots of the biodistribution studies show a high renal accumulation of either 17 kDa PG-Tr or 41 kDa PG-Tr compared to Free-Tr in normal rats (Figure 3) . The renal accumulation of 41 kDa PG-Tr is 2-fold compared to 17 kDa PG-Tr in normal rats and the difference is nearly 3-fold in diabetic rats. This finding suggests that 41 kDa PG-Tr is capable of accumulating in the kidneys at a relatively high extent even in a diabetic state. This further supports the suitability of 41 kDa PG-Tr as a renal carrier even in kidneys under oxidative stress.
Failure of using a 100% carboxylated PVP in a renal targeting study was reported previously. 13 The authors proposed that the efficiency of renal targeting of anionic carboxylated polymers may be significantly influenced by the degree of carboxylation of the polymer body. Contradicting findings were observed in the present study. An effective renal accumulation of 100% carboxylated PG polymers in both normal and diseased kidneys may suggest that the aforementioned hypothesis could be material-dependent and may not be applicable to all anionic carboxylated carriers. Furthermore, we have demonstrated that 41 kDa PG exhibits a better renal accumulation than 17 kDa PG (Figure 2 ). This observation indicates that polymer size may play an important role in determining the renal targeting performance of carboxylated polymers.
A similar observation of an extensive and prolonged renal accumulation has been noted for another large-sized carrier, 43 kDa RGDfK-(hydroxypropyl)methacrylamide (HPMA). 44 The renal targeting performance of PGs in altered renal physiology resembling that of acute kidney injury or chronic renal failure was also studied in the current study. As oxidative stress plays a crucial role in the alteration of renal physiology, hemodynamics, and function over the course of renal failure, 11, 12, 45 we investigated the renal accumulation pattern of PGs in STZ-induced diabetic rats. Under the diabetic condition, an increased glucose supply to the kidneys due to hyperglycemia, coupled with a high metabolic rate of 11, 12 Liu and Barac-Nieto reported similar renal pathological changes as early as 2 weeks post STZ administration in rats. 39 We found an elevated renal oxidative stress level and an increased kidney-to-body weight ratio in rats 2 weeks after STZ administration (results are described in Supplementary material). An elevation in kidney-to-body weight ratio is indicative of renal pathophysiological changes. Nonetheless, an increase in kidney mass in these rats could also be due to an increase in protein synthesis in the proximal tubules of diseased kidneys as early as 5 days post STZ administration. 39 In this study, there was no significant accumulation of free radiotracers in any other organs or tissues in the diabetic rats, while 41 kDa PG showed a selective prolonged renal accumulation during the first 12 h post injection. The renal accumulation of 17 kDa PG, however, was significantly reduced in the first 4 h after dose administration. A 1 h delay in 17 kDa PG renal accumulation was also observed.
Although prolonged renal accumulation of 41 kDa PG was evident, the extent of the accumulation of PGs in the first 6 h was lower in the normal rats than in the diabetic rats ( Figure 2 ). This phenomenon could be due to a compromised glomerular filtration function, which in turn could lead to a rapid loss of PGs from the blood circulation (as depicted in Figure 1 ). It has been reported that the glomerular filtration functionality may be altered in the diabetic state due to an epithelial dysfunction, 46, 47 which may lead to renal filtration of macromolecules above the filtration threshold. 46, 48 Despite a lower initial accumulation, the retention pattern and the levels of 41 kDa PG in the diabetic kidneys were comparable to those in the normal kidneys at later time intervals. This result indicates that a portion of PGs was being retained in the diabetic kidneys over time, possibly via active uptake or passive retention mechanisms. The data in this study support the use of 41 kDa PG as a renal targeting drug carrier in renal pathological states, particularly in the diabetic state.
A low and delayed 17 kDa PG renal accumulation could be correlated to the impairment of an active proximal tubular reuptake process in the diabetic kidneys. As previously suggested, 13 an active proximal tubular reuptake process may be crucial in the accumulation of small-sized, anionized carboxylated polymeric carriers in the kidneys. Our results also support an earlier finding 13 that altered renal functions and hemodynamics in the diabetic state may affect the active proximal tubular reuptake process and the renal accumulation of renal targeting agents. Consequently, the performance of small-sized carboxylated carriers may be affected by the pathological state of the kidneys. A reduction in the proximal tubular reuptake of a 14 kDa lysozyme-based renal targeting drug carrier after being administered to an adriamycin model of advanced renal disease in rats was also reported. 49 This further supports the importance of having a functional renal reuptake mechanism when a tubular reuptake-based renal targeting drug carrier is used.
In addition, the renal accumulation of 17 kDa PG was found to be very much lower at the 0.25 and 1 h time points in the diabetic rats than that in the normal rats receiving similar treatments. Such a reduced accumulation may be correlated to the concurrent increase in the distribution of 17 kDa PG to other organs, such as the liver and lungs with approximately 20%-35% increase in the accumulation at the 0.25 and 1 h time points in the diabetic rats (Table 1) . A decreased accumulation of 17 kDa PG in the liver and lungs beyond the 1 h time point, which corresponds to an increase in renal accumulation of 17 kDa PG, may suggest a redistribution of 17 kDa PG from other organs to the kidneys.
NADPH oxidase in the endothelial or epithelial cells of the renal vasculature or parenchymal cells plays an important role in the generation of reactive oxygen species. These oxygen radicals may cause vascular and parenchymal damage that results in acute kidney injury or chronic renal failure. Developing an effective delivery strategy for NADPH oxidase inhibitors to reduce the generation of reactive oxygen species could aid in minimizing vascular injury and slowing down renal dysfunction, thereby reversing or preventing further renal damage.
AEBSF, a relatively nontoxic NADPH oxidase inhibitor, 50 was selected as a model drug because of its aminoalkyl moiety. The moiety could conjugate with the -COOH side chain of the PG carrier without affecting the sulfonyl fluoride group that is responsible for the NADPH oxidase inhibition. The synthesis yield of PG-AEBSF was 70%, and the synthesized PG-AEBSF exhibited about 10% drug loading. PG-AEBSF is stable in aqueous solution and plasma for up to 72 h. In vitro chemiluminescence assays have shown that PG-AEBSF (0.005-0.01 mM AEBSF equivalent) has an NADPH oxidase inhibitory activity comparable to that of free AEBSF (0.005-0.01 mM). This finding indicates that the pharmacological properties of AEBSF are preserved after conjugation, as shown in Figure 5 . Subsequent in vitro fluorescently labeled PG cellular uptake studies have shown cellular uptake of the PG drug into the intracellular matrix as a whole, instead of the pre-uptake extracellular release of the drug from the PG. These findings are further supported by a subsequent observation of PG-AF uptake by HUVEC, whereby PG-AF but not free AF accumulates in the cells in a dose-dependent manner following a 1 h incubation ( Figure 6 ). These findings also suggest that PG can protect AEBSF from premature extracellular release, and ensure the payload is available intracellularly as a pharmacologically active agent. Targeted drug delivery has become one of the major interests of the research community in the past three decades, particularly in the area of tumor drug delivery. Nevertheless, the growth in renal targeting delivery is relatively slow. Thus far, only two low-molecular-weight proteins, namely lysozymes and streptavidin, and three low-molecular-weight synthetic polymeric carriers, namely 10 kDa anionic (carboxylated) N-vinylpyrrolidone, 6-8 kDa poly(vinylpyrrolidone-codimethyl maleic acid), and 19 kDa acetylated low-molecularweight chitosan, have been suggested as potential carriers for renal targeting drug delivery. 51 All these carriers possess a molecular size that is below the renal filtration threshold, and these compounds depend on the functional proximal tubular reuptake mechanism for their effective renal accumulation. In the current study, we propose 41 kDa PG polymer as a new member of this category of compounds. At the same time, we also point out the possible compromise of renal reuptake or targeting of this class of carrier in a diseased kidney (for example, oxidative-stressed kidney in our study). Compared to using a small-sized renal targeting drug carrier, the feasibility of employing a drug carrier having a molecular size above the renal filtration threshold for renal targeting drug was not previously reported, although the renal accumulation of tumor-targeting drug carriers of such size range (for example, N- [2-hydroxypropyl] 52 and PG [27] [28] [29] [30] [31] [32] ) has been described. In the current study, we have performed some assessments on the renal accumulation patterns of 41 kDa PG and we would like to propose 41 kDa PG as a renal drug carrier that is potentially capable of delivering drug payload to the renal tissues in both normal and compromised renal anatomical or physiological states (oxidative stress-induced kidney in the current study as an example). Although further studies are required to elucidate the underlying mechanisms, 41 kDa PG has appeared to be one among few (if none) renal targeting carriers that approach the proximal tubular tissues from the basolateral end (as compared to the reported low-molecularweight renal targeting carriers that approach the proximal tubular tissues from the apical end via tubular reuptake). 51 This characteristic may be beneficial in terms of renal drug accumulation, as the carrier-drug complex needs not risk being excreted by the kidney should tubular reuptake mechanism fail to capture the compound in a renal pathological state. Furthermore, a fully biodegradable characteristic of PG carriers would ensure a full release of the drug payload to the renal tissues, thus maximizing the exposure of renal tissues to the drug for a good therapeutic effect.
Conclusion
Organ-specific drug delivery plays an increasingly important role in pharmaceutical development and formulation either by enhancing the efficacy or reducing the adverse effects of new therapeutics. We have shown that PG polymers, particularly PG polymers with a molecular weight above the renal filtration threshold, exhibit a selective and prolonged accumulation in normal or oxidative stress-induced kidneys. We have also demonstrated that anti-oxidative stress drugs can be grafted to PG polymers without affecting the pharmacological properties of the drug. These unique features of PG polymers enhance their potential as a renal targeting drug carrier. Our findings on the selective accumulation of PG in the kidney tubular epithelium also suggest other potential applications for PG in delivering renal protective compounds to the renal tissues during detrimental conditions, such as renal ischemia.
